Faecal microbiota transplantation (FMT) may contribute towards disease remission in ulcerative colitis (UC), but it is unknown which factors determine long-term effect of treatment. Here, we aimed to identify bacterial signatures associated with sustained remission. To this end, samples from healthy donors and UC patients-grouped into responders and non-responders at a primary end point (week 12) and further stratified by sustained clinical remission and relapse assessed at ⩾ 1-year follow-up were analysed, comparing the efficacy of FMT from either a healthy donor or autologous faeces. Microbiota composition was determined with a 16S rRNA gene-based phylogenetic microarray on faecal and mucosal samples, and functional profiles were predicted using PICRUSt with quantitative PCR verification of the butyrate production capacity; short-chain fatty acids were measured in faecal samples. At baseline, UC patients showed reduced amounts of bacterial groups from the Clostridium cluster XIVa, and significantly higher levels of Bacteroidetes as compared with donors. These differences were reduced after FMT mostly in responders. Sustained remission was associated with known butyrate producers and overall increased butyrate production capacity, while relapse was associated with Proteobacteria and Bacteroidetes. Ruminococcus gnavus was found at high levels in donors of failed FMT. A microbial ecosystem rich in Bacteroidetes and Proteobacteria and low in Clostridium clusters IV and XIVa observed in UC patients after FMT was predictive of poor sustained response, unless modified with a donor microbiota rich in specific members from the Clostridium clusters IV and XIVa. Additionally, sustained response was associated with restoration of the butyrate production capacity.
Introduction
The complex ecosystem of the commensal microbiota and its interactions with the host are fundamental in determining health. Aberrations of the microbiota have been associated with several diseases, including inflammatory bowel disease (IBD) (Nagalingam and Lynch, 2012; Kostic et al., 2014) . In ulcerative colitis (UC), the prevailing hypothesis on the pathogenesis involves either an altered composition of the microbiota that induces a pathological mucosal immune response or an excessive immune response to the normal microbiota colonizing the gastrointestinal tract (Sartor, 2006; Kaser et al., 2010) . The most radical way of modifying the gut microbial ecosystem is by faecal microbiota transplantation (FMT). FMT has been shown to have a role on colitis activity in several case series (Angelberger et al., 2012; Borody et al., 2012; Kump et al., 2013; Kunde et al., 2013; Aroniadis et al., 2016) , as well as three randomized controlled trials (Moayyedi et al., 2015; Rossen et al., 2015; Paramsothy et al., 2017) . How and why a reset of the gastrointestinal microbiota can have beneficial effects on disease activity in only a subset of UC patients is still elusive. In addition, flares of the disease can influence the microbial environment, and this mechanism is poorly understood. Some authors state that the microbiota composition is subject to inflammation, but others have found a distinct composition in UC patients even in clinical remission (Rajilic-Stojanovic et al., 2013; Winter et al., 2013) .
The microbiota of patients with IBD has been characterized by a lower abundance of Firmicutes, more specifically clostridia, Ruminococcaceae and Lactobacillus, as well as Actinobacteria such as Bifidobacterium (Ott et al., 2004; Frank et al., 2007; Kostic et al., 2014) . While findings related to microbiota composition in Crohn's disease seem to be more consistent, for patients suffering from UC conflicting data have been reported. Moreover, in UC the aberrant gastrointestinal microbiota has been linked to a decrease in short-chain fatty acids (SCFAs) production, such as butyrate and propionate (Marchesi et al., 2007; Huda-Faujan et al., 2010; Tan et al., 2014) . These SCFAs, and more specifically butyrate, which is mainly produced by species within the Firmicutes, are known to downregulate proinflammatory responses in intestinal epithelial cells and to modulate activity of relevant sentinel cell types (Iraporda et al., 2015) . Butyrate-producing species such as Roseburia hominis and Faecalibacterium prausnitzii were found in lower abundance in faeces from UC patients as compared with healthy controls (Machiels et al., 2014) . There is a wide interindividual variation in the relative abundance and composition within the Bacteroidetes phylum, and outcomes from studies comparing the abundance in faecal samples from UC patients and healthy individuals are conflicting. Nevertheless, strains of Bacteroides vulgatus and enterogenic Bacteroides fragilis (causing peritonitis or appendicitis) have been implicated in IBD, but the mechanism of action is not yet fully understood (Basset et al., 2004; Wexler, 2007) . Furthermore, differences between IBD patients and healthy subjects were found not only in the gut microbial ecosystem but also in their metabolic profiles in the luminal content, which illustrates the complexity of the aetiology of IBD (De Preter et al., 2015) .
Recently, we conducted a randomized controlled trial in mild to moderately active UC patients comparing the efficacy of FMT either from a healthy donor or with autologous faeces, which provides a unique human model to study the impact of changes in the microbiota on disease activity and its signatures (Rossen et al., 2015) . A number of patients experienced not only a complete remission of their disease activity at 3 months but also clinical remission was sustained for at least 1 year. For this reason, the focus of this study is to identify signatures and predictors for response in both groups and their changes within the subgroup of patients who experienced long-term sustained remission, in comparison with patients who did not respond initially or relapsed within 1 year. Moreover, we studied the healthy donor microbiota to identify specific bacterial groups that are predictive for a sustained response to therapy. Finally, PICRUSt was used to predict whether microbiota functions typically associated with reduction of inflammation processes, such as butyrate production-and serpinmediated protease inhibition capacities, were restored after FMT.
Materials and methods
Study design, subjects and sampling Patients with mild to moderately active UC and healthy donors participated in a randomized placebo-controlled study, the TURN trial, comparing the efficacy of two duodenal infusions at a 3-week interval of faecal homogenates after bowel preparation from a healthy donor (FMT-D) or autologous faeces (FMT-A) as placebo (Rossen et al., 2015) . Patients who achieved the primary end point of the trial (clinical remission; defined by a Simple Clinical Colitis Activity Index (SCCAI) ⩽ 2 together with a decrement of ⩾ 1 point in Mayo Endoscopic Score from baseline on repeat sigmoidoscopy at week 12) were called 'responders' and patients who did not achieve the primary end point were called 'nonresponders'. Patients were followed for up to 3 years after inclusion and were requested to fill out an SCCAI and a questionnaire on medication use every 2 months. Sustained remission at 1 year (or more) after inclusion was defined as clinical remission (SCCAIo5) without the need for rescue therapy (Jowett et al., 2003) . Relapse was defined as a SCCAI ⩾ 5 and/or need for rescue therapy during follow-up (FU). Patients who did not achieve the primary end point maintained the 'non-responders' classification during FU. Healthy subjects who participated in the trial as donors underwent extensive screening on bacterial, viral and parasitic stool pathogens and were classified as 'donors'.
Faecal samples were collected as described previously at baseline (t0) before bowel lavage (as preparation for endoscopy), week 12 (t12w) and 1 year or more (t ⩾ 1 year) FU after FMT from all patients included in the trial (n = 34) and were subsequently used for microbiota and SCFA profiling (Rossen et al., 2015) . All patients received two FMTs (17 patients were allocated to the FMT-D group and 17 to the FMT-A group). Faeces from 15 donors were used for processing and infusion to recipients in the FMT-D group; treatments with donor faeces were performed using the same donor or different ones. For the latter, both donor samples were analysed.
Donor samples were collected at baseline (at screening of the donor) or on the day of faecal donation. If a donor donated two times for the same patient, then only one faecal sample was collected for assessment of the microbiota composition as previous studies have shown high microbiota compositional similarity over time in healthy subjects (Rajilić-Stojanović et al., 2013) . In total, 24 donor samples were analysed, and those who donated for patients responding were used as healthy controls (n = 10). To investigate the impact of FMT on the mucosal adherent microbiota, biopsies from the rectum were collected for microbiota profiling from UC patients during the baseline (n = 29) and week 12 (n = 23) by flexible sigmoidoscopy after preparation with a sodium phosphate enema. Biopsies were placed in sterile tubes immediately on the endoscopy room, snap frozen in liquid nitrogen and stored at − 80°C. There was a maximum difference of 48 h between faecal sample collection and biopsy sampling.
Microbiota profiling and functional prediction DNA was isolated from faecal and mucosal samples as described previously (Zoetendal et al., 2006; Salonen et al., 2010) . Isolated DNA was used for profiling of the microbiota using the Human Intestinal Tract Chip (HITChip), a phylogenetic microarray based on 16S rRNA gene sequences of over 1140 intestinal bacterial phylotypes (Rajilic-Stojanovic et al., 2009) . The HITChip platform provides a closed system to investigate similarities and differences in microbiota composition even at low detection levels and has been benchmarked with next-generation technology sequencing (Claesson et al., 2009; van den Bogert et al., 2011) . Similarity of microbiota profiles was assessed by Pearson's correlation of the probe signal intensities. Functional capacity of the microbiota was predicted based on the microbiota composition using PICRUSt (Langille et al., 2013) . Using scripts in R (version 3.2.2), the species and their abundances from the HITChip were first mapped to Greengenes taxonomy from 13 May 2013 by assigning the species into OTUs with ⩾ 95% sequence similarity. This was then converted into BIOM format and inputted into PICRUSt v.1.0.0 (McDonald et al., 2012) .
The total bacterial counts in samples was assessed by quantitative PCR (qPCR) using 0.5 ng of faecal DNA and universal bacterial primers targeting the 16S rRNA gene (Nadkarni et al., 2002) . Primer concentration in each reaction was 0.2 μM. The thermal cycling conditions included an initial DNA denaturation step at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 20 s, annealing at 50°C for 20 s, extension at 72°C for 30 s and an additional incubation step at 82°C for 30 s. The butyrate production capacity was determined by qPCR targeting the butyryl-coenzyme A (CoA)-CoA transferase (ButCoA) gene using 25 ng of template DNA and 0.5 μM primer concentration in each reaction as described previously (Louis and Flint, 2007) . qPCR amplifications were carried out in triplicate using MX3005P Real-Time PCR System (Stratagene, La Jolla, CA, USA) in a volume of 25 μl. Each reaction was amplified by using 5 μl of HOT FIREPol EvaGreen qPCR Mix Plus, no ROX (Solis BioDyne, Tartu, Estonia).
Measurement for SCFA concentrations in faecal samples
To determine SCFAs, faecal samples were diluted in deionized water to a 10% (w v − 1 ) concentration, followed by high-performance liquid chromatography analysis as described previously (Stams et al., 1993) . Lactate, formate, acetate, propionate, isobutrate and butyrate concentrations were determined. The high-performance liquid chromatography system was equipped with a Hi-Plex H column (Agilent Technologies, Palo Alto, CA, USA) and temperature was set to 45°C at a flow of 0.9 ml min − 1 running with 0.005 mM sulphuric acid as eluent and 30 mM crotonic acid as an internal standard. SCFAs were detected by determining the refractive index.
Data analysis and statistics
Demographic data were collected for all subjects included in the study and expressed as the mean and 95% confidence interval of the mean, or as the median and interquartile range (IQR) when not normally distributed. Differences between study groups (in both faecal and biopsy samples) were calculated by T-test (for parametric data) and MannWhitney test (for nonparametric unpaired data). Three or more group-wise comparisons were performed by Kruskal-Wallis testing at different time points on the HITChip microarray data at the genuslike level (that is, clusters of OTUs defined by a sequence similarity of 90%) between the three study groups (donors, non-responders and responders). To confirm these results, further pairwise comparisons were carried out between all groups at all time points to assess relevant signatures. A P-value o0.05 was considered statistically significant, and P-values were corrected for false discovery rate (FDR) to accommodate for multiple testing where necessary (Benjamini and Hochberg, 1995) .
Statistical analyses were performed using the SPSS v. 22.0 software (SPSS, Chicago, IL, USA), R version 3.2.0 (R-package microbiome http://micro biome.github.io) and Canoco5 (ter Braak and Šmilauer, 2012). Redundancy analysis as implemented in Canoco5 was used to determine associations between the microbiota composition (130 genus-like groups included in the HITChip) and host variables (or explanatory variables) including age, gender, disease duration, site of disease, use of medication, randomization (FMT-D or FMT-A), time, subject (donor or patient), response and sustained remission (or relapse) at ⩾ 1-year FU. Samples at baseline, 12 weeks post FMT and 1-year post FMT were included for comparison. Significance of the explanatory variables was assessed by Monte Carlo permutation testing. Associations of signature bacteria were carried out based on redundancy analysis analyses. Further evaluations of bacterial associations mentioned in the text were carried out by corresponding appropriate analyses mentioned previously (that is, Mann-Whitney).
For the principal coordinate analysis, the genuslevel data were transformed into relative abundance of total microbiota composition. Outliers in the data were defined as data points with log-transformed values 43 s.d. away from the overall log-transformed mean for each taxon. To avoid a disproportional effect of the outliers, these values were replaced by the cutoff value. Principal coordinate analysis was conducted using Bray-Curtis dissimilarities (R-package vegan). The association between the baseline principal coordinate analysis score on component 1 and response to the treatment was assessed using linear models (shown in boxplot). The analysis was conducted separately for the placebo group (FMT-A) and donor group (FMT-D).
Results
Faecal samples collected at baseline (t0, n = 34) and week 12 (t12w, n = 33) from UC patients were used for microbiota profiling and ButCoA gene quantification. Additionally, 27 faecal samples were collected at FU, up to 3 years after inclusion (t ⩾ 1 years). The median FU time per group was of 17 months (IQR 12-30.7) for non-responders and 19.5 months (IQR 12-28.7) for responders with sustained remission at the t ⩾ 1-year FU and 35 months (IQR 21.5-37) for responders that relapsed at FU. No significant differences in median FU were found for these groups (P = 0.105). Study subjects characteristics are shown in Table 1 .
Microbial ecosystem in UC: effects of FMT Microbiota characterization at the genus-like level revealed significant differences between healthy donors and UC patients, before and after FMT ( Figure 1 and Supplementary Table 1 ). At baseline, UC patients showed reduced amounts of groups belonging to the Clostridium cluster XIVa as compared with donors. Interestingly, non-responders as well as those patients who responded at primary end point (t12w), but relapsed at FU, showed significantly higher levels of groups belonging to the Bacteroidetes at baseline as compared with donors, with differences ranging from 1.2-to over 11-fold higher for B. vulgatus and related species, or up to 15-fold for Prevotella species. On the contrary, patients who had sustained remission at ⩾ 1-year FU showed profiles more similar to those of healthy donors.
After treatment (at t12w), differences within the Bacteroidetes remain with most patients, showing high levels as compared with donors ( Figure 1 ). Additionally, Enterococcus species, which were found threefold higher in patient samples at baseline when compared with donors, were decreased in responders to levels similar of donors, and increased in non-responders (7.5-fold higher). Furthermore, non-responders showed significant lower levels of bacteria belonging to the Clostridium cluster XIVa, while in responders these were restored to levels similar as those found in healthy donors. Among these, we found species related to Anaerostipes caccae, Coprococcus eutactus or Eubacterium rectale along with other bacteria known to be involved in butyrate production. In addition, Proteobacteria, including potential pathogenic bacteria, were found at higher levels in non-responders as compared with donors and responders.
Similar comparisons were performed at the mucosal level at baseline and t12w between responders and non-responders, but no significant differences were observed (FDR40.8). The microbiota composition between faecal and mucosal samples of individual patients was also compared, and differences between samples were highly reduced after therapy. This was somewhat surprising and our current explanation is that evacuation of the colon allowed the infused faecal microbiota to recolonize mucosa and lumen simultaneously (Supplementary Table 2 ).
Additionally, after therapy (t12w), responders in the FMT-D group showed a significantly higher similarity to their donors than non-responders (r 2 = 0.79 ± 0.07 and 0.70 ± 0.09, respectively, P = 0.02). This was also observed at t ⩾ 1 year for patients with sustained remission as compared with relapsers (r 2 = 0.8 ± 0.05 and 0.70 ± 0.12, respectively), although this observation was only a trend (P = 0.1), probably due to the low number of observations in these groups. In the FMT-A group, however, no significant differences were observed between responders and non-responders similarity values with baseline samples at t12w (r 2 = 0.87 ± 0.04 and 0.89 ± 0.04, respectively) and t ⩾ 1 year (r 2 = 0.82 ± 0.04 and 0.82 ± 0.11, respectively).
Microbial signatures of short-and long-term response to FMT
A deeper analysis of the microbiota of patients who respond to FMT showed significant differences on the overall composition of those who sustained remission as compared with those who relapsed at the ⩾ 1-year FU (Figure 2 , FDRo0.05). Patients with sustained remission at ⩾ 1-year FU as well as healthy donors were found mostly positively associated to the Clostridium clusters IV (including F. prausnitzii and related species, among others) and XIVa (including Eubacterium hallii, Roseburia intestinalis or Butyrivibrio crossotus among others), all known to include butyrate-producing bacteria (Figure 2 , quadrants I and II). In contrast, baseline samples of almost all patients, as well as those from donors of patients who relapsed were positively associated with the phylum Proteobacteria, including Escherichia coli or Aeromonas among other potentially pathogenic and proinflammatory bacteria (Figure 2 , quadrants III and IV).
Furthermore, these samples were highly associated with Ruminococcus gnavus. Albeit that in responders at t = 12 weeks, the amount of R. gnavus was marginally higher than in non-responders (0.669 ± 0.525 vs 0.548 ± 0.856, P = 0.02, FDR = 0.2436), this relative abundance in responders was still low. Of note, the relative abundance at 12 weeks was 2.3-fold higher in future relapsers as compared with those who stayed in clinical remission (0.938 ± 0.636 vs 0.400 ± 0.170, P = 0.014, FDR = 0.108). Additionally, R. gnavus was found 3.8-fold higher in donors of patients who relapse as compared with donors of patients who had sustained remission (2.34 ± 2.53% and 0.61 ± 0.25%, respectively, P = 0.08), indicative of a signature donor bacterial group prone to failure of FMT. Samples from patients who relapsed were also positively associated with groups from the Bacteroidetes phylum (including B. vulgatus and B. fragilis among others). These bacterial associations were of importance also when taking into account the source of the infused faecal sample (FMT-D and FMT-A; Figure 2 ). For the FMT-A treatment to be successful at the ⩾ 1-year FU, baseline composition needed to be closer to the 'sustained remission' or 'donor' section (e.g. patients 6 and 10). This was, however, not the case for the FMT-D treatment, where patients who showed a more disturbed baseline microbiota (that is, patients 7 and 11) could recover after treatment when transplanted with a healthy donor profile. However, patients who received FMT from a donor in the 'relapse' section (that is, patients 1, 2 or 5) failed to attain sustained remission. The latter observation also held for all the FMT-A patients with baseline samples in the 'relapse' section. Explanatory variables included in the redundancy analysis analysis such as sampling time, sustained remission and medications 'category 1' (that is, mesalamine, low-dose steroids or thiopurines used from week 0 until week 12) and 'category 2' (that is, medication 1 including high dose of steroids or anti-TNF at ⩾ 1-year FU) were shown to have a significant impact on the microbiota composition after FMT as calculated by Monte Carlo permutation testing (Po0.05, FDRo0.1). However, the clinical outcome and use of concomitant medication for nonresponders and responders at ⩾ 1-year FU was not significantly different (Table 2) .
Differences of response depending on the infused faecal sample were confirmed by prediction analysis (Figure 3 ). In the FMT-A group, we observed that patients with microbiota profiles at baseline more similar to donor samples ('healthy'-like profiles) were more likely to respond. In this group, response was significantly associated with the known butyrate producer Coprococcus eutactus and to Ruminococcus obeum and related species (Figure 3a) . Furthermore, responders and non- There was no significant difference in age between non-responders and responders (P = 0.194) and donors and non-responders (P = 0.065). Extent of disease was scored according to the Montreal classification. The Mayo endoscopic score was assessed at the baseline sigmoidoscopy.
a Donors from responders were selected as healthy controls for comparisons. b Donors were significantly younger than responders (P = 0.009).
FMT in UC: microbial signatures of success S Fuentes et al responders showed significantly different baseline microbiota composition (P = 0.012). However, for the FMT-D group differences in baseline microbiota between responders and non-responders with the donors was not a determining factor of response (Figure 3c ).
Butyrate in the gut: association with remission in UC Although no significant changes were observed for single genera between responders and non-responders, summing those known to harbour butyrateproducing species showed significantly higher abundance in responders as compared with nonresponders (Table 3) . Hence, the microbiota profiles were used for functional prediction using PICRUSt. Among many of the functions that were significant differentially represented in the different groups (Supplementary Table 4 ), a significantly lower butyrate production capacity, as reflected by the butyrate-acetoacetate CoA transferase was observed in non-responders at t12w as compared with responders and donors (Supplementary Figure 1A) . Figure 1 Kruskal-Wallis comparison of the 130 genus-like groups included in the HITChip between donors, non-responders and responders (the latter subdivided into patients who relapse (Rel) or sustain remission (SustRem) at ⩾ 1-year FU). Abundance of the different bacterial groups range from less (blue) to more (red) abundant. Red and blue outlines highlight groups either enriched or at lower levels in patients, respectively. *Genus-like groups of known butyrate-producing bacteria. Significant different groups at (a) baseline (t0, Po0.05; FDRo0.3) and (b) t12w (Po0.05; FDRo0.2).
FMT in UC: microbial signatures of success S Fuentes et al
To confirm the PICRUSt predictions, the effect of the treatment on the butyrate production capacity of the microbiota was determined by qPCR quantification of the ButCoA gene. Samples from donors and patients before and after treatment revealed significantly lower levels of this gene in UC patients as compared with healthy donors (Figure 4a ). These levels were restored after therapy, and increased in patients who responded to the treatment, particularly in those who stayed in remission at ⩾ 1-year FU. In these patients, gene counts of ButCoA were increased by 6.7-fold. When comparing the relative abundance (%) of genus-like groups including known butyrate-producing bacteria in faeces, donors showed significantly higher levels as compared with non-responders at baseline and Patients who relapsed had an SCCAI score 45 and or need for rescue therapy during FU.
FMT in UC: microbial signatures of success S Fuentes et al t12w; these levels were also significantly different between responders and non-responders both at baseline and t12w (Figure 4b ). Similar differences were found at the mucosal level; biopsy samples of responders showed significantly higher abundance in butyrate-producing bacteria as compared with non-responders after treatment (Figure 4c ). However, these results could not be confirmed by SCFA measurement in faecal samples (Supplementary Figure 2) .
Since protease activity is also indicated as a mediator of inflammation, we investigated whether differences in Serpin production capacity were found between donors, responders and nonresponders. Significantly, lower Serpin B levels were predicted in non-responders as compared to donors and responders, suggesting a significantly decreased protease inhibition capacity in patients not responding to the therapy (Supplementary Figure 1B) .
Discussion
Our previous findings showed that FMT has an impact on the gut microbial ecosystem in UC (Rossen et al., 2015) . Remarkably, these findings were observed in patients receiving healthy donor faeces but also in patients who got their own faecal microbiota, although shifts in microbiota composition after therapy were different. While patients who responded to FMT-A were more associated with an increase in Bacilli, Proteobacteria and Bacteroidetes, patients who responded to FMT-D showed an association with Clostridium clusters IV, XIVa and XVIII, as well as a reduction in Bacteroidetes.
In the current study, deeper analyses of the baseline microbiota revealed differences in patients non-responsive to FMT as compared with healthy donors, mainly within the Bacteroidetes phylum. In the FMT-A group, patients with microbiota profiles at baseline more similar to donor samples ('healthy'-like profiles, on the negative section on the x axis, highlighted in yellow) were more likely to respond (highlighted in green). This section is associated with known butyrate-producing bacteria related to Coprococcus eutactus. (b) Responders and nonresponders showed significantly different baseline microbiota composition (P = 0.012). Distances in baseline microbiota profiles to donor samples (score on the first principal coordinate) could also predict long-term response (FU ⩾ 1 year). (c) In the FMT-D group, baseline microbiota composition of patients was not a determining factor on the prediction of (sustained) response. NR, non-responders; R-Rel and R-SustRem, responders that relapse or sustain remission respectively at the ⩾ 1-year FU.
FMT in UC: microbial signatures of success S Fuentes et al These differences were highest for the B. fragilis and B. vulgatus genus-like groups. These bacteria have been shown to have an impact in IBD; antibodies against B. vulgatus were found in patients with Crohn's disease (Machiels et al., 2014) . Moreover, B. vulgatus was found in higher abundance in faeces Figure 4 (a) qPCR of butyryl CoA (normalized to 16S rRNA gene copies) of donor samples and patients samples at baseline (t0) and 12 weeks after treatment (t12w). Patients are divided into non-responders (NRs) and responders, and were subdivided into those that relapse (R-Rel) or sustain remission (R-SustRem) at ⩾ 1-year FU. Levels of butyryl CoA were significantly lower in patients (NRs and responders) at t0 and in NRs at t12. Levels of ButCoA in responder samples with sustained remission at 1 year increase by 6.7-fold from t0 to t12w. (b and c) Relative abundance (%) of genus-like groups that include known butyrate-producing bacteria in (b) faecal samples of donors and patients at baseline (t0) and 12 weeks after treatment (t12w) and (c) in biopsy samples of patients at baseline (t0) and 12 weeks after treatment (t12w).
FMT in UC: microbial signatures of success S Fuentes et al from ileal affected Crohn's disease patients; in UC mouse models, this bacterium was shown to invade host cells and trigger immune and proinflammatory responses (Dicksved et al., 2008; Ohkusa et al., 2009; Machiels et al., 2014) . Differences between responders and non-responders were also seen in the Prevotella group (including Prevotella melaninogenica and Prevotella oralis and related species), found at higher levels in non-responders. These groups, as well as the B. fragilis group, are of special interest in the gut ecosystem, as they have been characterized as bimodal distributed bacteria and transitions between high and low abundance states of these groups can be associated with health implications as well as used for diagnostic purposes (Lahti et al., 2014) . Remarkably, when further dividing responders into those that will relapse or sustain remission at ⩾ 1-year FU, genera from the Bacteroidetes were also found at high levels in patients who relapsed. This finding could indicate a predisposing microbiota composition to relapse in UC, high in groups belonging to this phylum at baseline, also indicative for non-response to FMT.
After FMT, and in contrast to non-responders microbiota, responders showed normalized levels of bacterial groups from the Clostridium cluster XIVa to levels similar as those found in healthy donors. Among these, we found species related to Anaerostipes caccae, Coprococcus eutactus or E. rectale along with other bacteria known to be involved in butyrate production at both the faecal and the mucosal level. In the presence of these bacteria at baseline composition was also found to be a determinant of the prediction of response, especially in patients receiving autologous FMT, while not the case for those receiving from healthy donors.
PICRUSt prediction and targeted qPCR confirmed the involvement of butyrate on response, suggesting an increase of butyrate production capacity after therapy in patients who responded to levels similar to those observed for donors. Furthermore, when these responders were stratified into those that relapsed or stayed in remission at ⩾ 1-year FU, we observed that the increase was mainly in those with sustained remission. Butyrate and other SCFAs are known as an energy source for colonic cells with anti-inflammatory properties (Tan et al., 2014) . It has been shown to induce an antiinflammatory response in animal models but also in clinical trials in concentrations similar to those found in the luminal space of the intestinal tract (Vernia et al., 2003; Eeckhaut et al., 2013; Iraporda et al., 2015) . In an in vitro dynamic gut model, colonization with microbiota of UC patients resulted in significantly lower levels of ButCoA and butyrate-producing bacteria (Vermeiren et al., 2012) . To the best of our knowledge, this is the first time butyrate production capacity is shown to have a putative role in the setting of FMT. Restoration of these bacteria as well as levels of ButCoA by FMT suggests a key role of butyrate in the long-term remission of UC, identifying butyrate or butyrateproducing bacteria as a potential treatment strategy.
The finding that butyrate gene counts changes between t0 and t12 weeks was not fully paralleled by butyrate stool output may be due to various reasons, including differential gene expression, incomplete coverage of butyrate production genes, differential butyrate uptake in responders and non-responders (Boesmans et al., 2015) , or trivial technical effects, all of which should be taken into account for future studies.
Similar microbial signatures of response were observed at 12 weeks post therapy. Non-responders showed significantly increased levels of Bacteroidetes and also of Proteobacteria as compared with healthy donors and responders, including potentially pathogenic bacteria such as E. coli, which was found to be twofold enriched in non-responders as compared with donors or Enterococcus spp., and over 7.5-fold higher in non-responders. Similarly to the B. vulgatus group, several studies involve E. coli with an abnormal immune and proinflammatory response in IBD (Petersen et al., 2015) . Furthermore, proteases secreted from these species in faecal supernatants from UC patients have been shown to increase permeability in colonic cells, suggesting this as a possible pathogenic mechanism in IBD (Kang et al., 2010; Maharshak et al., 2015) . This is supported by the significantly lower Serpin B-encoding genes predicted in non-responders microbiome.
Remarkably, none of the observed changes in the microbiota composition of faecal samples could be replicated in mucosal biopsies. Lack of significant differences in mucosal microbiota between responders and non-responders suggests that the efficacy of FMT was mainly driven by the luminal microbiota. Greater differences between faecal and mucosal samples before the therapy (baseline composition) and reduced after FMT could indicate that, after an initial effect of the therapy on the composition to a more uniform microbiota structure shared at the luminal and mucosal level, each gastrointestinal niche would recover their baseline composition, where beneficial signatures replace those associated with UC. Furthermore, it would suggest that the cross-talk between the gut-microbiota and the mucosal immune machinery is mediated via signalling molecules (for example, SCFAs), rather than a direct interaction at the mucosa adherent level. Similar observations had been reported previously, where differences in the microbiota between healthy individuals and patients suffering from irritable bowel syndrome were found to be minimal at the mucosal level as compared with differences in the faecal microbiota (Rangel et al., 2015) .
In this study, a long FU period of up to 3 years after therapy allowed us to identify potential signature microbes of relapse, as well as the influence of the donor microbiota on the long-term response. As already mentioned, in responders microbiota we observed that even though considered in remission after 12 weeks, patients showing enrichment in Bacteroidetes and Proteobacteria and low levels of Clostridium clusters IV and XIVa would eventually relapse. Remarkably, relapse was also positively associated with patients who were infused with a donor microbiota with high levels (42%) of R. gnavus (and related species), a mucolytic bacterium of the commensal microbiota (found 3.8-fold times higher than levels observed in donors from patients that experienced sustained remission). Increased levels of this bacterium have been previously reported as characteristic of the aberrant microbiota in UC (and Crohn's disease) both at the mucosal and luminal level (Png et al., 2010; Joossens et al., 2011; Berry and Reinisch, 2013) . Excessive high levels of this group could be related to a higher mucolytic activity, resulting in tissue damage. We hypothesize that high amounts of R. gnavus and related species could be used as microbial predictors for unsuccessful donors. The only donor in the 'relapse' section associated with a positive outcome was donor-II of patient 11. However, this patient also received a previous FMT from a different donor, residing in the 'sustained remission' or 'donor' quadrant, suggesting that the imprint of the donor microbiota rather originated from the former donor. A larger study may allow assessment of whether similarity to the donor before treatment is a factor to consider when using FMT, and may help in choosing an optimal donor-patient match.
This study has several limitations: the associations of microbiota signatures and response status found are still correlative. Theoretically, it may be possible that the changes in the gut microbial ecosystem are a consequence of attenuation of disease, or the inflammation associated to it, rather than the cause of remission. However, the magnitude of signature changes of sustained responders as opposed to the changes and reversal of those who relapsed is highly suggestive of a causative mechanism. In addition, the fact that recipients with an unfavourable baseline microbiota were still capable of attaining sustained remission, only if they were transplanted with (and maintained) a donor ecosystem rich in Clostridium clusters IV and XIVa, is suggestive of a causative mechanism.
In summary, UC patients with a microbiota signature low in Clostridium clusters IV and XIVa and rich in Bacteroidetes and Proteobacteria could be predictive of poor sustained response to FMT, unless they receive a successful engraftment from a Clostridium clusters IV and XIVa-rich donor ( Figure 5 ). Butyrate producers mainly dominate this favourable signature and durable response is associated with a restoration of the significantly reduced ButCoA gene counts found in UC patients. For donors, abundance of R. gnavus can be used as a biomarker species predictive of a lower likelihood of positive outcome. These results hold promise for novel treatment strategies, where individual intestinal microbiotas are characterized and therapies are personalized, either by targeting key bacteria or with an appropriate donor-patient match.
